We consider a new Weinberg operator for neutrino mass of the form H uHd L i L j involving two different Higgs doublets H u , H d with opposite hypercharge, whereH d is the charge conjugated doublet. It may arise from a model where the two Higgs doublets carry the same charge under a U (1) gauge group which forbids the usual Weinberg operator but allows the mixed one. The new Weinberg operator may be generated via two right-handed neutrinos oppositely charged under the U (1) , which may be identified as components of a fourth vector-like family in a complete model. Such a version of the type I seesaw model, which we refer to as type Ib to distinguish it from the usual type Ia seesaw mechanism which yields the usual Weinberg operator, allows the possibility of having potentially large violations of unitarity of the leptonic mixing matrix whose bounds we explore. We also consider the relaxation of the unitarity bounds due to the further addition of a single right-handed neutrino, neutral under U (1) , yielding a usual type Ia seesaw contribution. * josu.hernandez@ts.infn.it † S.F.King@soton.ac.uk 1 arXiv:1903.01474v2 [hep-ph]
I. INTRODUCTION
The origin of neutrino mass is one of the major unresolved problems of particle physics. The smallness of Majorana neutrino mass may arise from an effective operator of the form HHL i L j first proposed by Weinberg [1] , where H is the Higgs doublet of the Standard Model (SM) taken to have opposite hypercharge to that of the lepton doublets L i , where i = 1, 2, 3 is a family index. The operator is non-renormalisable and has a coefficient f ij /Λ suppressed by some mass scale Λ. In ultraviolet complete theories, the origin of the Weinberg operator may arise from three types of tree-level seesaw mechanism: type I [2] [3] [4] [5] involving the exchange of right-handed neutrinos; type II [6] [7] [8] [9] [10] with scalar triplet exchange; and type III [11] [12] [13] [14] [15] [16] [17] [18] with fermion triplet exchange. In fact the type I seesaw mechanism may be implemented in different ways known as the inverse [19, 20] and linear [21] seesaw mechanisms which involve more than three right-handed neutrinos. There are also various loop mechanisms for achieving the Weinberg operator known as type IV, V, VI [22] .
The Weinberg operator discussed above can be straightforwardly generalised to the case of multi-Higgs doublet models [23] , to the operators of the form H a H b L i L j , for Higgs doublets H a,b , where a, b = 1, · · · , N can be taken to have the same hypercharge, opposite to that of L i . The question of which Weinberg operators arise will depend on the details of the particular multi-Higgs doublet model, such as the symmetries controlling the Higgs and fermion sectors, the seesaw origin of the Weinberg operators and so on 1 . In this paper we shall consider a new Weinberg is not generated by the seesaw mechanism but H uHd L i L j is. The reason for this depends on the details of the underlying seesaw mechanism, for example, there may be some new symmetry at work that acts on the Higgs doublets and the heavy states of mass Λ that prevents the usual Weinberg operator from being generated but allows the new one. We shall introduce a gauged U (1) , broken near the TeV scale by a new SM singlet scalar φ, under which the two Higgs doublets are charged such that the usual Weinberg operator is forbidden but the new one is allowed.
We also propose a version of the type I seesaw model, which allows H uHd L i L j , referred to as type Ib to distinguish it from the usual type Ia seesaw mechanism which yields the usual Weinberg operator H u H u L i L j . The minimal version of the type Ib seesaw mechanism involves the addition of two right-handed neutrinos, written here as left-handed spinors ν c , ν c , which carry opposite charges under the gauged U (1) , which allows a pseudo-Dirac mass term M ν c ν c between them, but prevents Majorana masses. The type Ib seesaw mechanism then leads to the new Weinberg-type operator via their couplings to the Higgs doublets H u L i ν c andH d L i ν c , which are allowed by U (1) . Figure (1) shows the diagram that induces the new Weinberg-type operator mediated by the right-handed neutrinos.
The above model does not allow renormalisable Yukawa couplings for the charged fermions, since both Higgs doublets are charged under U (1) , and so must be extended somehow. In order to do this we identify the two right-handed neutrinos as originating from a fourth vector-like family, whose presence also allows for the generation of effective Yukawa couplings. The presence of a Z and a fourth vector-like family allows a connection between the observed hints for anomalous semi-leptonic B decays [25, 26] which imply universality violation in the ratio R K ( * ) and the origin of the Yukawa couplings [27] [28] [29] . However we shall not pursue such a connection here. We are more interested in the possibilities for large violations of unitarity of the leptonic mixing matrix due to the new type Ib seesaw mechanism we introduce, due to the fact that two independent Higgs Yukawa couplings are required to account for neutrino mass, which allows the couplings to H u to be quite large, providing those to H d are very small. The non-unitarity of the leptonic mixing matrix induced by the presence of heavy neutrinos has been studied in several works (see for instance [7, ). We shall apply such an analysis to the type Ib seesaw model considered here. This paper is organised as follows. In Section II the particle content of model studied in this paper is introduced and the type Ib generation of neutrino masses in the minimal model is discussed. In Section III we present the full model involving a fourth vector-like family and the previous results are generalised to include a single right-handed neutrino N c added in the particle content of the model. Finally, we discuss and conclude the results in Section IV.
II. THE MINIMAL TYPE IB SEESAW MODEL
In the minimal scenario (MS) we do not consider any N c field, and therefore the SM particle content is extended only by the vector-like neutrinos. The model is summarised in Table I .
When the masses of the new vector-like neutrinos are above the electroweak scale, the heavy fields can be integrated out, and the resulting effective field theory, built from a set of effective operators, can be used to study the low energy phenomenology. Each of these effective operators is suppressed by a power of the mass scale Λ up to which the effective Lagrangian L eff is valid. The first of these effective operators is the dim-5 Weinberg operator At dimension 6, the only effective operator that is generated at tree level is [52] 
When the Higgs doublets acquire VEVs, δL d=6 leads to corrections to the light neutrino kinetic terms, which become non-diagonal. The necessary rotation and normalisation to bring the neutrino kinetic terms to its canonical form induces deviations of unitarity in the leptonic mixing matrix that appears in the charged current (CC) interactions.
In the full theory, the renormalisable Yukawa and mass Lagrangians of this minimal model contain the following terms
and
where the transposes in the leptons have been omitted to shorten notation. We assume that the Yukawa couplings between the left-handed neutrinos ν i , the vector-like neutrino
where m diag and M diag are the diagonal matrices containing the masses of the light and heavy sectors, respectively. In all generality, this diagonalisation can be done as the product of two consecutive rotations. This first rotation is a block-diagonalisation, while the second matrix contains the two unitary rotations V and V that diagonalise the masses of the light and heavy neutrinos, respectively. Since the rotation between the two heavy states is unphysical, V = I can be used, and thus, the full unitary neutrino mixing matrix U is given by
where the block-diagonalisation can be parametrise as the exponential of a block off-diagonal
When substituting Eq. (8) in Eq. (7), and considering that the mass scale of the vectorlike neutrinos M 
d=5 the coefficient of the dim-5 new type of Weinberg operator that generates the light neutrino masses of Eq. (1). Therefore V is approximately the unitary rotation that diagonalises the light neutrinos, and can be identified as U PMNS , the Pontecorvo-MakiNakagawa-Sakata (PMNS) mixing matrix measured in neutrino oscillation experiments and parametrised [54] as
At leading order in Θ, the full mixing matrix U will be
where its first sub-block parametrises the mixing of the light sector [55] 
Thus, the presence of the heavy vector-like family induces non-unitarity in the mixing matrix that appear in the charged current interactions. These deviations of unitarity of the leptonic mixing matrix induced by the dim-6 operator of Eq. (2), are parametrised by the hermitian
In terms of the Yukawa couplings, the light neutrino mass matrix of Eq. (11) built up from the Dirac and Majorana mass matrices of Eq. (6) readŝ
where it can be seen that the smallness of the light neutrino masses stem not only from the suppression of M ν , but also from the small size of 1 . On the other hand, the deviations of unitarity will be
where the second term can be safely neglected since it would be of the order of the neutrino mass scale squared over v 2 . Therefore, in this model the deviations of unitarity of the PMNS matrix are not suppressed by 1 , and could be arbitrarily large. At leading order, the deviations of unitarity are thus determined only by the first row of m D containing the 3 complex Yukawa couplings y ν i , and the mass scale of the vector-like neutrino M ν .
However, since both η andm are built from m D and M N , they may not be fully independent. This implies that in determinate cases, η could be partially reconstructed fromm, and therefore, from the observed pattern of neutrino masses and mixings in neutrino oscillation experiments. In the particular case of this minimal scenario, the Yukawa couplings y ν i4 (y ν i4 ) of Eq. (6) will be determined [56] up to an overall factor y (y ) from the elements of the PMNS mixing matrix, and the two mass squared splittings, ∆m 2 sol and ∆m 2 atm . Notice that in this minimal scenario just two light neutrinos get masses, and that therefore, the lightest neutrino is strictly massless 3 . On the other hand, since the hierarchy of the neutrinos is not determined yet, there will be two possible relations for the Yukawa couplings. For a normal hierarchy (NH), m 1 = 0 and the Yukawa couplings read
where y and y are real numbers, and where 
. As a result, all the neutrino phenomenology of this minimal scenario is described by five free parameters: two real numbers y and y , two phases δ and α, and one mass scale M ν 4 . But only four of them will enter in the description of the deviations of unitarity through Eq. (15) .
Since the presence of the extra heavy vector-like neutrinos induces deviation of unitarity in the PMNS matrix, the GIM cancellation [58] that suppresses flavour-changing processes is loss. As a result, the present limits on LFV processes will set a strong constrain on the nonunitarity of the leptonic mixing matrix, and therefore on the free parameters of the minimal scenario y, δ and α through Eq. (15) . In particular, the nowadays strongest constrain on the elements of the η matrix comes from µ → eγ. Figure ( 2) shows the extra contribution to the radiative decay µ → eγ in presence of the vector-like neutrinos of the model.
The contribution to the branching ratio from both the heavy vector-like neutrinos and the light neutrinos ν i is given by
where
, and where F (x n ) reads
For masses of the vector-like neutrinos M ν M W , the sum in Eq. (18) can be separated in light and heavy sectors factorizing the corresponding F (x n ) function
where can be seen that loss of the GIM cancellation comes from the difference of the two mass scales involved, and the non-unitarity of the leptonic mixing matrix. When comparing with the existing present experimental limit [59] of the radiative decay, the following upper bound at 1σ is derived [49] 
In Figure 3 the allowed region of the free parameters of the minimal scenario is shown. The hatched gray region is excluded by direct searches in ATLAS [60] , while the pink (blue) regions correspond to the allowed values of y and M would be allowed. In order to build a renormalisable model, we will enlarge the particle content of this simplify model by a fourth vector-like family that will allow to generate masses for all the charged fermions via effective Yukawa couplings, as proposed in Ref. [29] .
III. RENORMALISABLE TYPE IB (PLUS TYPE IA) SEESAW MODEL
The model of the previous section does not allow renormalisable Yukawa couplings for the charged fermions and so must be extended somehow. Here we identify the two righthanded neutrinos as originating from a fourth vector-like family, whose presence also allows for the generation of effective Yukawa couplings. Notice that the vector-like structure makes the model anomaly-free since the anomalies cancel between conjugate representations in the fourth family [27] .
The particle content of the general model that we consider here consists in three lefthanded families ψ i = Q i , L i , the CP conjugated right handed families ψ ) ). However, later in this section we shall consider the additional effect of including (in addition to the fourth family states) one CP conjugated right-handed singlet neutrino N c in the seesaw mechanism. Notice that here ψ denotes that the fermion is in the conjugate representation of the SM gauge group. In our notation all these fermion fields ψ i , ψ Table II. The renormalisable Yukawa and mass Lagrangians that account for the interactions of the particles summarised in Table II are In the minimal scenario we did not consider a full vector-like fourth family. Now including such states, the general scenario (GS) also involves one CP conjugate heavy right-handed neutrino N c as summarised in Table II . This N c is singlet under all the gauge group and therefore a Majorana mass M M is allowed for it. The Yukawa and mass Lagrangians of the general scenario will now contain the following terms
and 
The effective Yukawa couplings
As explained at the beginning of this section, the presence of N c allows to generate the effective Yukawa interaction H u L i N c of Eq. (24) through the diagrams in the mass insertion approximation shown in Figure 5 .
Diagrams in the mass insertion approximation that generate the effective Yukawa couplings that will contribute to the light neutrino masses.
As a result, this effective Yukawa interaction will generate the following effective Dirac masses
Generating neutrino masses
The full neutrino mass matrix of the general scenario will be given by the right-hand side term of Eq. (5), where now the Dirac and Majorana mass matrices read 
Substituting these Dirac and Majorana mass matrices of Eq. (28) 
Without assuming fine-tuning cancellations, all the terms of Eq. (29) have to be of the order of the scale of light neutrino masses. And therefore, when computing the η matrix in the general scenario, the contributions from the second and third rows of m D are found to be negligible. As a result, the same relation for η of the minimal scenario given by Eq. (15) will be recovered
Once again, in order to get the correct structure of the symmetric matrixm, there will be correlations among the elements of m D . As a result, one of the three complex Yukawa couplings y ν i4 necessary to describe the deviations of unitarity will be completely determined from the other two Yukawa couplings and the elements ofm as follows [47] Therefore, of the η matrix will be described by: two complex Yukawa couplings y 
at 1σ for both normal and inverted hierarchies.
FIG. 6. Allowed region of the free parameters of the general scenario when the present bounds [49] on the non-unitarity of the leptonic mixing matrix are considered. The green (purple) area corresponds to |y ν 14 | (|y ν 24 |), while the solid (dashed) line is the boundary for NH (IH). The hatched gray area is already excluded by direct searches [60] .
In Figure 6 the constraints that the present bounds on the non-unitarity of the PMNS matrix of Eq. (32) set on the free parameters of the general scenario are shown. The allowed region for the |y Finally, if an arbitrary number n (with n ≥ 2) of N c fields is introduced in the model, the η matrix would be a completely generic Hermitian matrix described by 9 free parameters. These parameters are enough to reproduce the correct masses and mixings of the light neutrinos, and thusm and η would be unrelated. That is, there would not be correlations among the Yukawa couplings, and no extra information on this vector-like model would be derived. Therefore, these scenarios are not further discussed in this work.
IV. DISCUSSION AND CONCLUSIONS
In this paper we have considered a new Weinberg operator for neutrino mass of the form H uHd L i L j involving two different Higgs doublets H u , H d with opposite hypercharge, wherẽ H d is the charge conjugated doublet. We have considered a minimal model involving two Higgs doublets, charged under a U (1) gauge group which forbids the usual Weinberg operator but allows the mixed one. The new Weinberg operator is then generated via two right-handed neutrinos oppositely charged under the U (1) . Such a version of the type I seesaw model, which we refer to as type Ib to distinguish it from the usual type Ia seesaw mechanism which yields the usual Weinberg operator, allows the possibility of having potentially large violations of unitarity of the leptonic mixing matrix whose bounds we have explored. However the minimal model only allows non-renormalisable Yukawa couplings for the charged fermions.
In the minimal model, the SM particle content is extended by two right-handed neutrinos ν c and ν c . These heavy right-handed neutrinos are oppositely charged under the gauge U (1) . Since the SM has been extended with just two extra singlets, just two of the three light neutrinos will be massive. In order to reproduce the observed pattern of neutrino masses and mixings, a particular structure in the Yukawa couplings of the right-handed neutrinos is obtained. In particular, the Yukawa couplings of the heavy neutrino ν c with the light neutrinos will be reconstructed from the elements of the PMNS mixing matrix, the neutrino mass splittings, and an overall scaling factor y. The presence of the heavy neutrinos generate deviations of unitarity in the leptonic mixing matrix, and thus, there would be an enhancement in the LFV processes due to the loss of the GIM cancellation. The stringent experimental limit on the LFV radiative decay µ → eγ has been used to analyse the allowed parameter space of the free parameters y and M ν of the minimal scenario (see Figure 3 ). We have also considered a more general model which allows all Yukawa couplings to be generated via a fourth vector-like family charged under the U (1) (including ν , the three heavy neutrinos generate masses for the three light neutrinos, and as a result, the strong correlations on the Yukawa couplings of the minimal scenario are relaxed. In particular, two of the three Yukawa couplings that enter in the description of the dim-6 effective operator (η) will be free, and the third one will be given by the other two, and the pattern of masses and mixings of the light sector. The non-unitarity of the leptonic mixing matrix, generated by the presence of the heavy neutrinos and parametrised by η, would modify Electroweak and flavour precision observables. And thus, the present bounds on the non-unitarity of the mixing matrix can be used to constrain regions of the parameter space of the two free Yukawa couplings and M ν 4 (see Figure 6 ). In conclusion we have considered a new Weinberg operator for neutrino mass and proposed a type Ib seesaw mechanism to account for it. While the minimal model is quite compact and constrained by unitarity, it is not complete since the charged fermion Yukawa couplings are non-renormalisable. In order to obtain a renormalisable explanation of such Yukawa couplings, we were led to introduce a fourth vector-like family, to which the singlet neutrinos of the minimal model belong, leading to possible connections with R K ( * ) as well as collider implications for the LHC.
